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Cyanobacterial flavodiiron proteins (FDPs; A-type flavoprotein, Flv)
comprise, besides the β-lactamase–like and flavodoxin domains typ-
ical for all FDPs, an extra NAD(P)H:flavin oxidoreductasemodule and
thus differ from FDPs in other Bacteria and Archaea. Synechocystis
sp. PCC 6803 has four genes encoding the FDPs. Flv1 and Flv3 func-
tion as an NAD(P)H:oxygen oxidoreductase, donating electrons di-
rectly to O2 without production of reactive oxygen species. Here
we show that the Flv1 and Flv3 proteins are crucial for cyanobac-
teria under fluctuating light, a typical light condition in aquatic
environments. Under constant-light conditions, regardless of light
intensity, the Flv1 and Flv3 proteins are dispensable. In contrast,
under fluctuating light conditions, the growth and photosynthesis
of the Δflv1(A) and/or Δflv3(A) mutants of Synechocystis sp. PCC
6803 and Anabaena sp. PCC 7120 become arrested, resulting in
cell death in the most severe cases. This reaction is mainly caused
by malfunction of photosystem I and oxidative damage induced
by reactive oxygen species generated during abrupt short-term
increases in light intensity. Unlike higher plants that lack the FDPs
and use the Proton Gradient Regulation 5 to safeguard photo-
system I, the cyanobacterial homolog of Proton Gradient Regula-
tion 5 is shown not to be crucial for growth under fluctuating
light. Instead, the unique Flv1/Flv3 heterodimer maintains the re-
dox balance of the electron transfer chain in cyanobacteria and
provides protection for photosystem I under fluctuating growth
light. Evolution of unique cyanobacterial FDPs is discussed as a pre-
requisite for the development of oxygenic photosynthesis.
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terminal oxidases
Flavodiiron proteins [FDPs; also called A-type flavoproteins(Flv)] comprise a family of proteins widespread among strict
or facultative anaerobic Bacteria and Archaea but are also pres-
ent in some anaerobic pathogenic protozoa, green algae, mosses,
and lycophytes (1, 2). FDPs have been suggested to function as
homodimers or homotetramers on detoxification of NO and/or
O2 during nitrosative and/or oxidative stress. Some of the FDPs
show high affinity toward NO and others to O2, whereas some
enzymes catalyze both reactions but with different efficiency.
FDPs share a common core comprised of two redox centers: the
N-terminal β-lactamase–like domain with nonheme catalytic
diiron center and the C-terminal flavodoxin-like domain with
a flavin mononucleotide cofactor. Cyanobacterial FDPs have
acquired an extra C-terminal flavin-reductase domain, thereby
enabling the oxidation of NAD(P)H and reduction of a substrate
within the same protein.
Cyanobacterial FDPs can be grouped into two clusters and
seem to function as heterodimers with one monomer from each
cluster (2). Some α-cyanobacteria and ancient eukaryotic species
possess only two putative FDPs, whereas N2-fixing heterocystous
cyanobacteria possess six FDPs. Unicellular non-N2-fixing cyano-
bacterium Synechocystis sp. PCC 6803 (hereafter, Synecho-
cystis) has four genes encoding FDPs, Flv1–Flv4. Flv1 and Flv3
types of FDPs are present in all cyanobacteria, but the Flv2 and
Flv4 FDPs are present only in β-cyanobacteria. We have recently
shown that the Flv2/Flv4 heterodimer functions in photo-
protection of photosystem (PS) II (2, 3). The Flv1 and Flv3
proteins have been shown to function in the light-induced O2
uptake in Mehler-like reaction that does not produce reactive
oxygen species (ROS) (4, 5). It was shown that ∼20–30% of
electrons released from water splitting by PSII are directed to O2
via Flv1 and Flv3 proteins upon high-light conditions. Under Ci-
deprivation conditions the Flv1/Flv3 proteins, in cooperation with
the photorespiratory pathway, might flux up to 60% of electrons to
O2, functioning as a powerful electron sink (5). Elimination of the
Flv1 and Flv3 proteins seems to have no detrimental effect on the
growth and wellbeing of the Synechocystis cells under standard
growth conditions (2, 4, 5). Impaired acclimation ability of the
Δflv3mutant has been reported only upon a shift of cells from slow
growth mode (low light, air-level CO2), to rapid growth mode
(standard growth light, 5% CO2) and also in combination with the
ΔgcvT mutation that renders cells deficient in the photo-
respiratory 2-phosphoglycolate metabolism (6). Unlike Syn-
echocystis, filamentous, N2-fixing, heterocystous cyanobacterium
Anabaena sp. PCC 7120 (hereafter, Anabaena) has six genes
encoding FDPs. Whereas flv1A, flv3A, flv2, and flv4 in Anabaena
are highly homologous with genes from Synechocystis, the flv1B
and flv3B genes encoding heterocyst-specific Flv1B and Flv3B
proteins are likely to be involved in N2 metabolism (7).
Here we addressed the impact of FDPs upon growth of Syn-
echocystis and Anabaena under fluctuating light (FL) conditions.
We have recently identified in higher plants two proteins, the
Proton Gradient Regulation 5 (PGR5) and the STN7 kinase of
the light-harvesting complex II proteins, as absolute require-
ments for successful growth of plants under FL (8, 9). Because of
light harvesting systems different from those in plant chlo-
roplasts, cyanobacteria lack the gene coding for the STN7 kinase,
and their pgr5-like gene is only a distant homolog of the plant
pgr5 gene. As natural light conditions experienced by photo-
synthetic microorganisms in aquatic environments might be ex-
tremely variable in the light intensity, it is conceivable that
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cyanobacteria also harbor a mechanism to protect photosyn-
thesis under such conditions. Likewise, the bioreactors that
have so far been planned and tested for growth of cyanobac-
teria for biotechnology purposes are characterized by steep
short-term fluctuations in light intensity upon rotation of the
cells in bioreactors.
In contrast to the function of PGR5 as a safeguard of PSI in
higher plants, we show that the PGR5-like protein in cyano-
bacteria is not important for survival under FL. Instead, we
demonstrate an indispensable function of FDPs Flv1(A) and
Flv3(A) in supporting photosynthesis and growth of cyanobac-
teria under FL conditions. The Flv1 and Flv3 proteins provide
protection for sustainable function and protein stability of PSI
upon abrupt high-light pulses by directing electrons to O2 in
a harmless way without inducing damage in PSI.
Results
Growth Phenotype of Different Flv1 and Flv3 Mutants. Flv1 and Flv3
proteins are ubiquitous in all cyanobacteria, yet no strong growth
phenotype has been assigned for the mutants. Because the
aquatic growth environments are typically characterized by fluc-
tuations in the light intensity, we attempted to search for growth
phenotypes in Synechocystis Δflv1, Δflv3, and Δflv1/Δflv3mutants
by exposing them to different intensities of constant light as well
as to FL with low background illumination interrupted with re-
peating high-light pulses. Synechocystis mutants grown under
constant low, normal-growth, and high-light conditions, 20, 50,
and 500 μmol photons·m−2·s−1, respectively, did not show any
significant growth phenotype compared with wild type (WT; Fig.
S1 A–C). In contrast, FL produced a strong growth phenotype
in all these mutants. Under the FL 20/500 regime (20 μmol
photons·m−2·s−1 for 5 min and 500 μmol photons·m−2·s−1 for 30 s),
the growth of the Δflv1, Δflv3, and Δflv1/Δflv3 mutant cells
was completely inhibited (Fig. 1 A and B), whereas under FL 50/500
(50 μmol photons·m−2·s−1 for 5 min and 500 μmol photons·m−2·s−1
for 30 s) conditions, the mutant cells demonstrated drastic de-
crease of cell growth compared with WT (Fig. 1 A and C).
It was next examined whether the FL 20/500 and 50/500
regimes promote complete death of mutant cells or instead in-
duce a growth arrest. To this end, the cells grown under two dif-
ferent FL regimes for 4 d were further diluted to OD750 = 0.1 and
transferred to constant-light intensity of 50 μmol photons·m−2·s−1.
Fig. 1 B and C shows that the mutant cells started to grow
normally and reached nearly the same OD as WT cells after 4 d
of growth at constant-light conditions. However, if the mutant
cells were incubated under FL 20/500 regime for a longer period
of time (8 d), the shift to constant light did not rescue the growth
of the mutant cells (Fig. 1D). These results imply that mutant
cells do not survive prolonged period of FL. Importantly, com-
plementation of the flv1 deletion with the functional Flv1 protein
(the Δflv1::flv1strain) fully abolished the observed phenotype,
confirming that the effect was indeed caused by the flv1 deletion
(Fig. 1B).
We likewise constructed the deletion mutants of Flv1A and
Flv3A, the closest homologs of Synechocystis Flv1 and Flv3
proteins in filamentous Anabaena strains. Growth phenotypes
of these Anabaena mutants (Fig. S1D), similar to those of the
respective Synechocystis mutants, suggest a ubiquitous role for
the Flv1 and Flv3 proteins in cyanobacteria in coping with
FL conditions.
Real-Time Gas-Exchange Analysis of the Δflv1/Δflv3 Mutant. To ad-
dress the underlying molecular mechanisms for the cell growth
arrest under FL in the absence of the Flv1 and Flv3 proteins, we
next measured the photosynthetic gas exchange in the Δflv1/
Δflv3 mutant. Real-time gas-exchange analyses with membrane
inlet mass spectrometry (MIMS) were performed with WT and
mutant cells under light conditions mimicking the fluctuating
growth conditions (20/500, four cycles then dark).
MIMS experiments with WT cells demonstrated, as expected,
a strong signal of photosynthetic O2 evolution (Fig. 2A) and CO2
uptake (Fig. 2B) upon high-light pulses of FL, whereas the low-
light phases repeatedly reduced the gas-exchange reactions to
a significantly lower level. These signals showed conserved rep-
etition in the amplitude of O2 and CO2 exchange from one high-
light pulse to the next one (Fig. 2 A and B). 18O2 labeling was used
to discriminate the evolution and uptake of O2 during illumi-
nation of the cells. In WT, the O2 uptake upon low-light phases
was equivalent or even lower (0.6 μmol O2·L−1·min−1) than in
the dark (0.7 μmol O2·L−1·min−1). During high-light pulses,
a strong O2 photoreduction was observed in WT cells (12.6
Fig. 1. Growth phenotype of Synechocystis WT and mutant cells. (A) Cells
were grown under FL 20/500 or 50/500 regime for 4 d. (B) Cells were grown
under FL 20/500 regime for 4 d followed by adjustment of OD750 to 0.1 and
shifting to constant light. (C) Cells were grown under FL 50/500 regime for 4 d
followed by adjustment of OD750 to 0.1 and shifting to constant light. (D) Cells
were grown under FL 20/500 regime for 8 d followed by adjustment of OD750
to 0.1 and shifting to constant light. Mean ± SD; n = 4. WT, ■; Δflv1::flv1
complementation strain, ★; mutant strains Δflv1, ○; Δflv3, ∇; Δflv1/Δflv3, ♢.
Fig. 2. Real-time O2 (A and C) and CO2 (B and D) exchange measurements in
Synechocystis WT and Δflv1/Δflv3 cells. The cells were grown under constant
light of 50 μmol photons·m−2·s−1 and then set at OD750 = 0.4–0.5 and shifted
to FL 20/500 for 2–3 d before the measurements. Actinic white light intensity
of 20 μmol photons·m−2·s−1 was applied to the dark-adapted cells, and ∼30-s
high-light pulses at an intensity of 500 μmol photons·m−2·s−1 was turned on
(up arrows) and off (down arrows) every 4 min. Cumulative O2 evolution
(dotted line), O2 uptake (solid line), and net photosynthesis (dashed line)
were calculated from 18O2/
16O2 exchange measurements.
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μmol O2·L−1·min−1; Fig. 2A and Table 1), probably induced by
the Flv1 and Flv3 proteins.
In the Δflv1/Δflv3 mutant, the MIMS analyses (Fig. 2C)
revealed drastically lower photosynthetic O2 evolution and net
photosynthesis rates, being only approximately one-third of that
in WT cells (Table 1). Moreover, no bursts of CO2 uptake were
recorded in the Δflv1/Δflv3 mutant during the high-light pulses,
indicating strong impairment in CO2 concentration/fixation in
these cells (Fig. 2D). Paradoxically, the weak low-light-induced
O2 uptake recorded in WT cells was even enhanced in the Δflv1/
Δflv3 mutant cells (2.1 μmol O2·L−1·h−1; Fig. 2C), whereas the
high-light-stimulated O2 uptake observed in WT was not detec-
ted in the Δflv1/Δflv3 mutant cells. To clarify the origin of the
strong “background” O2 uptake in mutant cells, we applied
iodoacetamide (IAC), an inhibitor of the photorespiratory
pathway (4, 5, 10). Addition of IAC, however, further stimulated
the rate of O2 photoreduction in both the WT and mutant cells
(Fig. S2), suggesting that O2 photoreduction in the Δflv1/Δflv3
mutant did not originate from photorespiration.
Contribution of respiratory O2 uptake was estimated by treat-
ing the cells with KCN, an inhibitor of major respiratory terminal
oxidases (11). In WT cells, KCN caused a significant decrease of
dark O2 uptake but stimulated the low-light- as well as high-light–
induced O2 photoreduction (Fig. 3 and Table 1). In contrast to
WT, addition of KCN to the Δflv1/Δflv3 mutant cells abolished
most of the light-induced O2 uptake (Fig. 3 and Table 1). Sen-
sitivity of the O2 photoreduction to KCN (Fig. 3) suggests that a
major terminal oxidase, the aa3-type cytochrome c oxidase, en-
coding by coxBAC operon and located in thylakoid and plasma
membranes (11), is contributing to light-induced O2 uptake in
the mutant cells. It should be noted that a small impact of true
Mehler reaction, the leakage of electrons from PSI directly to
O2, cannot be excluded.
Influence of FL on the Functional Status of PS in the Δflv1/Δflv3
Mutants. Real-time gas-exchange measurements (Fig. 2) pro-
vided evidence that the strongly impaired growth of the Δflv1/
Δflv3 mutant cells under FL, compared with WT, is due to
problems in the photosynthetic apparatus. To reveal the partial
reactions of photosynthesis that specifically suffer under FL, we
next addressed separately the function of PSII and PSI.
Both the acceptor and donor side status of PSII were assessed
by recording a flash-induced fluorescence yield and its sub-
sequent decay in darkness in the absence and presence of 3-(3,4-
dichlorophenyl)-1,1-dimethyl urea (DCMU), respectively. As
shown in Fig. 4, functions of the acceptor and donor sides of the
PSII complex were only marginally modified by FL conditions in
the Δflv1/Δflv3 mutant compared with WT. Thus, the drastic
effects of FL on photosynthesis in the Δflv1/Δflv3 mutant, as
depicted by MIMS experiments (Fig. 2), cannot be attributed to
malfunction of the donor or acceptor side of PSII.
To get a more comprehensive picture of photosynthetic elec-
tron transfer properties in vivo, the chlorophyll (Chl) fluorescence
and P700 redox state of WT and mutant cells were monitored
simultaneously by DUAL-PAM using the fluctuating actinic light
(Fig. 5). WT cells were dark-incubated for 10 min, and the first
saturating pulse (5,000 μmol photons·m−2·s−1, 300 ms) was applied
to monitor dark-level F0 and FM of Chl fluorescence. Cells were
then illuminated with far-red light (75 W/m2) for 10 s, and the
second saturating pulse was applied for determination of the PM
value, a maximal change of the P700 signal from the fully reduced
to the fully oxidized state. This light treatment also strongly
increased FM value of Chl fluorescence due to state-2–state-1
transition (Fig. 5A). Then actinic red light, designed to mimic the
fluctuating growth light condition, was turned on. Application of
low actinic light resulted in gradual decrease of FM′. Switching
on high light induced an increase in the Fs level, indicating strong
reduction of the electron-transfer chain. Both the PSII yield, Y
(II), and the PSI yield, Y(I), significantly decreased during fluc-
tuating high-light cycles (Fig. 5A and Fig. S3 A and B). The Δflv1/
Δflv3 mutant demonstrated lower Y(II), compared with WT,
already at the onset of the illumination, and application of high-
light pulses completely closed the PSII centers (Fig. 5B and Fig.
S3A). During illumination with 50 μmol photons·m−2·s−1 actinic
light, P700 remained partially reduced in both WT and mutant
cells (Fig. 5 A and B). Subsequent application of the high-light
pulses of 500 μmol photons·m−2·s−1 strongly oxidized P700 in the
WT, whereas in the mutant P700 stayed completely reduced (Fig.
5 A and B). The same behavior of P700 was repeating during the
entire experiment with FL. Moreover, application of the strong
saturating pulse during the high-light phases of FL was not ef-
fective enough to oxidize P700 in the mutant, demonstrating a
strong acceptor-side limitation of PSI during this phase (Fig. 5 B
and C). The maximum oxidizable amount of PSI centers (PM)
was approximately three times lower in the mutant cells com-
pared with WT (Fig. 5 A and B and Table 1).
Table 1. Photosynthetic parameters of the WT and mutant cells
Strains FV/FM O2 evolution rate O2 photoreduction rate Net photosynthesis PM
WT 0.43 ± 0.08 3.3 ± 0.3 LL 0.6 ± 0.1 LL 2.7 ± 0.5 LL 0.33 ± 0.03
33.5 ± 0.8 HL 12.6 ± 1.8 HL 20.9 ± 1.1 HL
Δflv1/3 0.35 ± 0.05 2.4 ± 0.1 LL 2.1 ± 0.1 LL 0.3 ± 0.1 LL 0.06 ± 0.02
11.4 ± 2.6 HL 4.0 ± 1.9 HL 7.4 ± 2.6 HL
WT+KCN 1.7 ± 0.1
25.1 ± 3.9
Δflv1/3 +KCN 0.3 ± 0.1
1.6 ± 0.7
Δflv1::flv1 0.42 ± 0.06 13.2 ± 1.1 0.38 ± 0.03
Cells were grown under constant light, then set at OD750 = 0.4–0.5 and shifted to FL 20/500 for 3 d before the measurements. O2
exchange values are presented as micromoles per liter per minute. LL, low-light phase (20 μmol photons·m−2·s−1) of FL; HL, high-light
pulses (500 μmol photons·m−2·s−1) of FL. FV/FM recorded in the presence of 10 μM DCMU. The values are mean ± SD, n = 3.
Fig. 3. Effect of KCN on O2 uptake in the WT and Δflv1/Δflv3 cells. O2 up-
take was recorded from the WT (black line) and Δflv1/Δflv3 cells (gray line)
during 10-min darkness and upon exposure to FL in the absence (solid line)
and in the presence (dashed line) of 1 mM KCN. Up and down arrows show
on and off high-light pulses, respectively.
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Incubation of the Δflv1/Δflv3 mutants with methyl-viologen
(MV), an artificial electron acceptor of PSI, resulted in only
partial elimination of the acceptor side limitation of PSI, in-
dicated by the appearance of the oxidized P700 fraction in the
mutant cells upon a saturating light pulse fired during the high-
light phase. MV also induced a small portion of open PSII
centers during the high-light illumination phase of FL (Fig. 5D).
To reveal the molecular mechanism(s) behind such obscure
modifications of the P700 oxidoreduction signals in the Δflv1/Δflv3
mutant upon growth under FL, we next exposed the cells grown
under constant-light conditions of 50 μmol photons·m−2·s−1 to FL
50/500 and simultaneously recorded both the Chl fluorescence
and the P700 oxidoreduction signals. During low-light phases of
the FL experiment, the mutant cells grown under constant light
did not show any distinct difference in the function of PSII or
PSI compared with WT (Fig. 6 A and B and Fig. S4 A and B).
The PM values were also similar in the mutant (0.41 ± 0.01; n =
3) and WT (0.40 ± 0.02; n = 3) growing at constant-light con-
ditions. During the subsequent low- to high-light transition, P700
became strongly oxidized in the WT cells (Fig. 6A and Fig. S4C).
In contrast, only a very fast and transient oxidation of P700,
followed by prompt relaxation of P700+ occurred in the Δflv1/
Δflv3 mutant cells at the onset of the high-light phase of the FL
cycles (Fig. 6 B and C). After transient oxidoreduction, P700
remained completely reduced ∼5 s and reached a steady-state
oxidation level only after ∼15 s of exposure to high light (Fig.
6C). Such a strong delay in P700 oxidation in mutants confirmed
that the Flv1 and Flv3 proteins function as an important electron
sink, and the absence of these proteins created strong and, im-
portantly, repetitive acceptor-side limitation of PSI during the
low- to high-light transitions of FL (Fig. 6D). Moreover, we
monitored light-induced energization of membrane in WT and
mutant cells treated with FL 50/500 for 3 d by using fluorescent
pH indicator acridine yellow (AY). The mutant cells demon-
strated approximately two times less light-induced changes in
AY fluorescence (Fig. S5). Taking into account the fact that the
relation between ΔpH and changes in amine fluorescence is
linear, we can assume that low ΔpH values observed in the
mutant might result in possible ATP starvation and consequently
participate in causing the growth arrest in the Δflv1/Δflv3 mutant
cells under FL.
Response of Photosynthetic Proteins to FL. To clarify whether the
distinct modification of PSI function under FL in the absence of
the Flv1 and Flv3 proteins is reflected at the level of photosyn-
thetic proteins, the photosynthetic apparatus was examined after
4 d of growth under FL using an immunoblotting approach and
different protein-specific antibodies. The steady-state level of
PsaB, the core protein of PSI, decreased >50% in Δflv1, Δflv3,
and Δflv1/Δflv3 mutant cells compared with WT, whereas D1,
the PSII reaction center protein, was not significantly affected
(Fig. 7A). No marked changes were observed in the amount of
two different FNR isoforms and the Cytf subunit of the Cytb6f
complex. Instead, a significant down-regulation of RbcL, repre-
senting ribulose-1,5-biphospate carboxylase/oxygenase, was evi-
dent in all studied mutant cells compared with WT. The Δflv1::
flv1 complementation mutant behaved similarly to WT in respect
to photosynthetic proteins, but the Flv1 protein was highly up-
regulated.
Next, we assessed dynamic changes in photosynthetic proteins
by shifting WT and the Δflv1/Δflv3 mutant from constant-growth
light conditions to FL and by probing the total protein fraction
with corresponding antibodies (Fig. 7B). In WT cells, the amount
of PsaB started to increase after 3 d and was significantly up-
regulated after 7 d of FL illumination. In contrast to this result,
the Δflv1/Δflv3 mutant cells demonstrated a drastic decrease of
the PsaB protein on the third day of FL treatment, and the
protein was nearly depleted after 7 d. The shift from constant-
growth light to FL conditions did not affect the level of the D1
protein in WT. In the Δflv1/Δflv3mutant cells, the amount of the
D1 protein was stable during the first 3 d of exposure to FL, but
showed significant decrease on the seventh day. The protein
amount of the RbcL started to decrease already from the first
day of shift to FL in the Δflv1/Δflv3 mutant cells. Furthermore,
the shift from constant-growth light to FL 50/500 conditions for
7 d significantly increased protein carbonylation in the mutant
cells, demonstrating high ROS production and strong oxidative
damage to proteins (Fig. S6).
Discussion
Cyanobacteria and Plants Have Distinctively Different Strategies to
Cope with FL. Natural light environment of photosynthetic organ-
isms is highly dynamic, which inflicts a threat to the function of the
photosynthetic apparatus. Key regulatory mechanisms of higher
plants to cope with rapidly fluctuating light intensities were re-
cently addressed (8, 9). The natural light environment of cyano-
bacteria, typically the oceans and lakes, is even more challenging,
with predictable fluctuations in light intensity as well as in the
frequency of high-light pulses (<1 Hz) far exceeding those oc-
curring in the land. Indeed, a lens effect of waves produces ex-
cessively strong and also dim light, yet the intensity of light
fluctuations decreases rapidly with increasing depth (12).
Fig. 4. Flash-induced increase in variable fluorescence and its subsequent
decay in the WT and Δflv1/Δflv3 cells in the absence and in the presence of
DCMU (inset). WT (■) and Δflv1/Δflv3 (∇) were grown under constant-light
conditions of 50 μmol photons·m−2·s−1, then set at OD750 = 0.4–0.5 and
shifted to FL 50/500 for 3 d before the measurements. r.u., relative units.
Fig. 5. PSII and PSI properties of the WT and Δflv1/Δflv3 cells grown under
FL. (A, B, and D) Chl fluorescence (gray line) and P700 (black line) were
monitored simultaneously in WT (A) and Δflv1/Δflv3 in the absence (B) and
presence (D) of MV. (C) Acceptor-side limitation of PSI was calculated from
WT (■) and Δflv1/Δflv3 (△) in the absence of MV. The cells were grown
under constant light, then set at OD750 = 0.4–0.5 and shifted to FL 50/500 for
2–3 d before the measurements. Low background actinic light (58 μmol
photons·m−2·s−1; gray arrow) and high light (530 μmol photons·m−2·s−1;
black arrow) was switched on and off (up and down arrow, respectively),
mimicking FL. r.u., relative units.
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To elucidate cyanobacterial strategies to cope with FL, we
tested whether one of the most important components involved in
safeguarding the photosynthetic apparatus of higher plants under
FL, the PGR5 protein, has a similar function in cyanobacteria.
This hypothesis, however, turned out not to be the case. Indeed,
deletion of the pgr5 homolog from the Synechocystis genome
did not render the cells susceptible to FL (Fig. S1E), which
contradicts with the behavior of the pgr5 mutant of Arabidopsis
(9). Other proteins and mechanisms, so far identified as im-
portant for higher plants to cope with FL environments—for
example, the STN7 kinase (8)—do not exist in cyanobacteria
because of completely different architecture of the light har-
vesting systems.
Because mechanisms enabling plants to cope with abrupt
fluctuations in light intensity are not present or functional in
cyanobacteria, it is highly conceivable that the respective cya-
nobacterial mechanisms are not conserved in higher plants.
Considering the possible cyanobacterial strategies to cope with
FL, we addressed the role of FDPs, a unique family of cyano-
bacterial proteins that are involved in electron transfer pro-
cesses. Two of the cyanobacterial FDPs (Flv2 and Flv4) function
in photoprotection of PSII (2, 3), whereas the Flv1 and Flv3
proteins in Synechocystis function in accepting electrons after PSI
and directing them to O2, in the so-called “Mehler-like” reaction
that does not produce ROS (4, 5). Corresponding proteins in
filamentous Anabaena cells are called Flv1A and Flv3A (7).
Flv1andFlv3Proteins EnableGrowthandPhotosynthesisofCyanobacteria
Under FL Conditions. Despite earlier research showing the function
of Flv1 and Flv3 as a light-induced O2 uptake mechanism (4, 5),
attempts to find any environmental condition that would induce
detrimental growth phenotype for the Δflv1 and/or Δflv3 mutants
compared with WT Synechocystis have so far failed. Only the Δflv3
mutant has occasionally been shown to have a reduced capability to
cope with high light (6).
Intriguingly, the exposure of the Δflv1(A) and/or Δflv3(A)
mutants of Synechocystis and Anabaena to FL clearly demon-
strated the indispensable role of these FDPs in survival and
growth of cyanobacterial cells under conditions of abrupt changes
in light intensity. Subjecting the cells to two different background
illuminations, but keeping the intensity and frequency of high-light
pulses constant, revealed that the background light intensity
determines the severity of FL stress (Fig. 1 B and C). It is con-
ceivable that the Flv1 and Flv3 proteins coevolved in cyanobacteria
together with oxygenic photosynthesis to protect the photosyn-
thetic apparatus upon strong fluctuations in light intensity charac-
teristic to aquatic environments.
PSI Is the Primary Target of FL in the Absence of the Flv1/Flv3
Heterodimer. The importance of the Flv1 and Flv3 proteins as
an electron sink becomes evident only under FL—i.e., when the
background low light is repeatedly interrupted with high-light
pulses. More detailed analysis of the photosynthetic apparatus
revealed that the function of PSI, but not of PSII, was strictly
compromised in the Δflv1/Δflv3 mutant (Figs. 4 and 5). For
further inspection of reasons behind such a severe phenotype,
the Δflv1/Δflv3 mutant cells were grown under constant light and
then subjected to actinic FL during measurements with DUAL-
PAM. This study demonstrated a delay in oxidation of P700
upon the low- to high-light transition (Fig. 6C), due to strong
acceptor-side limitation of PSI. In the thylakoid membrane of
plants, strong PSI acceptor-side limitation results in leaking of
electrons to O2, thus generating superoxide radicals not only at
the stromal side, but also within the thylakoid membrane, most
likely originating from the A1 electron acceptor under conditions
when the Fe-S centers are reduced (13). Enhanced back-reac-
tions due to the acceptor-side limitation of PSI also have a ca-
pacity to result in Chl triplet formation and consequently in
formation of singlet oxygen that is known to be extremely haz-
ardous for the protein environment (14). Cyanobacteria possess
the Flv1 and Flv3 proteins, which are functioning as a strong and
efficient electron sink during overreduction of electron transport
chain by preventing the acceptor-side limitation of PSI and thus
also ROS production. The Δflv1 and Δflv3 mutant cells grown
under constant light do not show acceptor-side limitation of PSI
during steady-state low light (Fig. 6D). Conversely, if the mutants
were grown under constant light and shifted to FL conditions,
the extreme and, importantly, repeated acceptor-side limitation
of PSI, was observed during the low- to high-light transition
phases (Fig. 6D), resulting in the strong and recurrent over-
reduction of electron-transport chain. At earlier stages of the FL
treatment (up to 3 d), production of ROS and oxidative damage
to proteins were not significant (Fig. S6), but at relatively lower
levels, ROS might also function in triggering a signaling cascade
to down-regulate the expression of PSI proteins. Indeed, a marked
loss of PSI proteins was detected during 3 d of the FL treatment,
whereas no changes in PSII proteins were observed (Fig. 7B).
Upon prolonged FL treatment, a preferential loss of PSI com-
plexes led to an increase in PSII-to-PSI ratio in the Δflv1/Δflv3
mutant. During low background light of FL, PSI could still cope
with the relatively small amount of electrons coming from PSII.
Upon abrupt high-light pulses, however, the overreduction of the
Fig. 6. PSII and PSI properties of the WT and Δflv1/Δflv3 cells grown under
constant light. (A and B) Chl fluorescence (gray line) and absorbance changes
of P700 (black line) were recorded simultaneously in WT (A) and Δflv1/Δflv3
(B). (C) Oxidation of 700 during low- to high-light transitions in Δflv1/Δflv3.
(D) Acceptor-side limitation of PSI in WT (■) and Δflv1/Δflv3 (△). The cells
were grown under constant light, then set at OD750 = 0.4–0.5 and shifted to
FL 50/500 for 2–3 d before the measurements. Low-background actinic light
(58 μmol photons·m−2·s−1; gray arrow) and high light (530 μmol photons·m−
2·s−1; black arrow) were switched on and off (up and down arrow, re-
spectively), mimicking FL. r.u., relative units.
Fig. 7. Immunoblots demonstrating the relative amounts of proteins in the
WT; Δflv1, Δflv3, and Δflv1/Δflv3 mutants; and complementation strain. (A)
Protein content of the WT and mutant strains grown 4 d under FL 50/500
regime was analyzed with corresponding antibodies. (B) Changes in the
protein content of WT and the Δflv1/Δflv3mutant upon shift from constant-
growth light (day 0) to FL 50/500 for 1, 3, and 7 d. Proteins from total cell
extracts (10 μg in each well) were separated by SDS/PAGE, and immuno-
blotting was performed by using specific antibodies. Flv1 and Flv3 proteins
were detected from soluble samples (30 μg in each well).
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intersystem electron-transfer chain kept P700 reduced, thus
completely blocking linear electron flow and inhibiting photo-
synthesis. An impairment of net photosynthesis in the Δflv1/Δflv3
mutants, which implies decreased CO2 fixation, is in line with
observed down-regulation of PSI complexes and RbcL subunits
of RubisCO under FL. After prolonged incubation under FL,
malfunction of PSI and, consequently, strongly increased ROS
production and oxidative stress led to the irreversible cell
damage and death (Fig. S6). Indeed, the Flv1 and Flv3 proteins
in cyanobacteria are crucial to maintaining the redox balance of
the electron-transfer chain, which provides protection for PSI
under FL.
Finally, the complementation strain, by revealing the WT
characteristics of growth and reverting the functional status of
the photosynthetic apparatus, confirmed that the presence of
the Flv1/Flv3 heterodimer provides cyanobacterial cells with
a harmless way to dissipate excess electrons from PSI, which in
turn is essential to sustaining photosynthesis under FL con-
ditions (Figs. 1B and 7 and Table 1).
Concluding Remarks
We have demonstrated here an indispensable role of the Flv1 and
Flv3 proteins in safeguarding of PSI and the survival of cyanobac-
teria under FL. Another FDP heterodimer, Flv2/Flv4, was pre-
viously shown to be crucial for photoprotection of PSII under
high light and/or Ci-deprivation in β-cyanobacteria. Indeed, cya-
nobacteria, the progenitors of higher plant chloroplasts, have
unique mechanisms to protect the photosynthetic apparatus
against ROS. Intriguingly, the phylogenetic tree of the FDPs
reveals gradual disappearance of FDPs upon evolution of higher
plants. We postulate that the development of oxygenic photosyn-
thesis in cyanobacteria was accompanied by evolution of the unique
FDPs that provided a safe function of the photosynthetic machin-
ery under oxygenic environment. Gradual disappearance of FDPs
during evolution is apparently related to their futile function in
storage of reducing equivalents, and they were gradually replaced
by more “energy-efficient” mechanisms to regulate photosyn-
thetic electron flow. It is conceivable that the movement of life
from oceans to the land made such evolution possible.
Materials and Methods
Strains and Culture Conditions. Synechocystis and Anabaena WT and the
mutant strains were grown in BG-11 medium buffered with 20 mM TES N-
Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid–KOH (pH 8.2) under
continuous light (50 μmol photons·m−2·s−1) at 30 °C and 3% (vol/vol) CO2.
Experiments were performed in growth chambers (AlgaeTron AG 130-ECO;
PSI) equipped with LED white light, and the cells were shifted to air-level
CO2. The following light regimes were applied: constant light of 20, 50, and
500 μmol photons·m−2·s−1 (dim, normal, and high light, respectively); FL 20/
500 (20 μmol photons·m−2·s−1, 5 min/500 μmol photons·m−2·s−1, 30 s); and FL
50/500 (50 μmol photons·m−2·s−1, 5 min/500 μmol photons·m−2·s−1, 30 s). For
all physiological experiments, the cells were first grown under constant light
of 50 μmol photons·m−2·s−1, then inoculated to OD750 = 0.4–0.5 and shifted
to FL 20/500 or 50/500 for 3–4 d before the measurements. For activity
measurements, the cells were harvested and resuspended in a fresh BG-11
medium at Chl concentration of 10 or 15 μg·mL−1.
Mutant Strains. The Δflv1 and Δflv3 single and Δflv1/Δflv3 double mutants
have been described (4, 5). The construction of the Δflv1::flv1 complemen-
tation strain, pgr5 deletion mutant in Synechocystis, and flv1A and flv3A
deletion mutants of Anabaena are described in SI Materials and Methods
and Fig. S7.
MIMS. Measurements of 16O2 (mass 32),
18O2 (mass 36), and CO2 (mass 44)
exchange were performed simultaneously by MIMS directly from suspension
cultures as described (ref. 5; SI Materials and Methods).
Fluorescence and P700 Measurement. Chl fluorescence and P700 oxido-
reduction were recorded by DUAL-PAM-100 (Walz). Mimicking of FL during
measurements was performed by changing the intensity of applied red ac-
tinic light (635 nm) between 58 and 530 μmol photons·m−2·s−1.
Protein Isolation, Electrophoresis, and Immunodetection. Total cell extract and
the soluble fraction of Synechocystis cells were isolated as described in
ref. 2. Proteins were separated by 12% SDS/PAGE containing 6 M urea.
The proteins were electrotransferred to a polyvinylidene fluoride membrane
(Immobilon-P; Millipore) and immunodetected by protein-specific antibodies.
Additional information is provided in SI Materials and Methods.
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